Ion channels lower the energetic barrier for ion passage across cell membranes and enable the generation of bioelectricity. Electrostatic interactions between permeant ions and channel pore helix dipoles have been proposed as a general mechanism for facilitating ion passage. Here, using genetic selections to probe interactions of an exemplar potassium channel blocker, barium, with the inward rectifier Kir2.1, we identify mutants bearing positively charged residues in the potassium channel signature sequence at the pore helix C terminus. We show that these channels are functional, selective, resistant to barium block, and have minimally altered conductance properties. Both the experimental data and model calculations indicate that barium resistance originates from electrostatics. We demonstrate that potassium channel function is remarkably unperturbed when positive charges occur near the permeant ions at a location that should counteract pore helix electrostatic effects. Thus, contrary to accepted models, the pore helix dipole seems to be a minor factor in potassium channel permeation.
Introduction
Electrical signaling is fundamental to the biological processes that drive sensory systems, behavior, and cognition (Kandel et al., 2000) . These signals are mediated by membrane proteins known as ion channels that are essential for the generation and propagation of electrical activity (Hille, 2001) . A rich diversity of ion channel genes and families that act on a variety of ion types are now known from molecular cloning, genome sequencing, and electrophysiological characterization efforts (Hille, 2001 ). Regardless of the channel type, facilitation of the transit of ions through the channel and across the cell membrane, a process known as permeation, is *Correspondence: minor@itsa.ucsf.edu 3 These authors contributed equally to this work. a central feature of all ion channels. The hydrophobic core of the lipid bilayer presents a formidable energetic barrier to ion passage (w50 kcal mol −1 ) (Parsegian, 1969) . Interactions between the components of the channel and the permeant ions lower the energy of this barrier substantially (to w2-3 kcal mol −1 ) (Berneche and Roux, 2001 ). This barrier reduction roughly corresponds to a change in the time for an ion to cross the membrane from w10 16 years to w10 ns, such that ion channels allow ion transit across the membrane at rates that are near the diffusion limit. How channels reshape the transmembrane energetic landscape to facilitate ion passage remains a fundamental question with important implications for understanding ion channel action and for thinking about how molecules that alter channel function, such as drugs that act as blockers, work.
Potassium channels form a large ion channel class (Jan and Jan, 1997) that have attracted great interest and research effort because of two remarkable properties: a high throughput of substrate processing (w10 The potassium channel structures also revealed an unexpected architectural feature of the pore, known as the pore helix (Doyle et al., 1998; Jiang et al., 2002 Jiang et al., , 2003 Kuo et al., 2003) . This short α helix precedes the ion selectivity filter, bears part of the most-conserved portion of potassium channels, and points its C terminus toward ions in the permeation pathway. Structural observations suggested a paradigm for ion permeation in which electrostatic interactions between helix dipoles and the permeant ions serve as important contributors to the energetics of channel function (Doyle et al., 1998; Dutzler et al., 2002; Roux and MacKinnon, 1999) . Interactions between the permeant ion and dipoles from the pore helices are proposed to lower the electrostatic destabilization that would otherwise occur upon transfer of an ion into the central cavity of the channel, even though the distance between the permeant ions and the dipoles is greater than that normally seen for ion-dipole interactions (Roux and MacKinnon, 1999) . Potassium channel pore helices are expected to have counterparts in other members of the cation channel superfamily, such as voltage-gated sodium, voltage-gated calcium, TRP, and cyclic nucleotide-gated channels as well as ionotropic glutamate receptors. To analyze the structural features of the pore in detail, we leveraged the power of genetic selections in yeast to examine interactions between the channel and permeant ions by employing barium as a probe of the ion conduction pathway. , 1996) . Under low potassium selection conditions, barium inhibited the growth of yeast requiring Kir2.1 for survival but not controls relying on the potassium transporter TRK1 (Gaber et al., 1988) (Figure1A), suggesting that this approach can detect channel blockers. Selection experiments using a library of Kir2.1 pore region mutants identified three independent barium-resistant mutants (P-Ba#1, P-Ba#2, and P-Ba#3) that rescued growth on limiting potassium in the presence of blocker ( Figure  1B) . Two-electrode voltage-clamp (TEVC) experiments in Xenopus oocytes revealed that these mutants produce inwardly rectifying potassium channels ( Figure  1C ) with significantly reduced barium affinities (w40-to 50-fold change at −80 mV, Kd −80 mV = 6.5 ± 0.3, 305 ± 20, 264 ± 18, and 352 ± 20 M for Kir2.1, P-Ba#1, P-Ba#2, and P-Ba#3, respectively) ( Figure 1D ). The similar affinity changes indicate that the shared mutation, T141K, which occurs at a residue known to contribute to Kir barium sensitivity ( , 1999) , the strong conservation of the residues that make the selectivity filter suggests that the barium binding sites are similar. Modeling the equivalent selectivity filter change in KcsA (T74K) suggests that the lysine ζ-amino group could approach within w5 Å of the site 4 ion and that our counterselection approach identified a mutation that acts through a direct electrostatic interaction with the blocking ion. These results highlight the potential power of the yeast selection system to identify ion channel blockers and map their modes of action.
Results

Genetic
Electrostatic interactions between the pore helix dipole and permeant cations have been proposed to stabilize ions as they transit the channel, even though the dipole's negative end is farther from the permeant ions (w8 Å) than would normally permit a meaningful chargedipole electrostatic interaction (Doyle et al., 1998; Roux and MacKinnon, 1999) . Given this model, it was striking that mutants that should effectively cancel the stabilization afforded by the pore helix by placing formal positive charges at its negative end ( Figure 2B ) passed the selection and were functional (Figure 1) .
Characterization of T141 Substitutions on Barium Block and Ion Permeation
To examine further the effects of changes at the pore helix C terminus, we characterized a series of point mutations that alter residue charge and sidechain volume (T141R, T141H, T141E, T141D, T141M, T141Q, and T141S) ( Figures 3A and 3B ). All except for T141D produced functional channels. None of the functional mutants exhibited significant alteration in ion selectivity (see Figure S1 in the Supplemental Data available online). Comparison of barium blocking affinities suggests that two components lower barium affinity: a steric component, as exemplified by T141M and T141Q, and an electrostatic component. Formally positively charged changes T141K and T141R cause similar effects and are more barium resistant than the neutral, isosteric T141M. In contrast, the formally negatively charged mutant, T141E, binds barium tighter than the neutral, isosteric substitution T141Q ( Figures 3A and 3B) . When compared to neutral replacements of similar sidechain shape and volume, the effects of T141K, R, and E substitutions clearly follow the predicted direction for an electrostatic effect: tighter barium binding when position 141 is negative and weaker barium binding when position 141 is positive. Analysis of the blocking rates ( Figures 3C and 3D) shows that all perturbations produce similar effects on k on , whereas k off is sensitive to the formal charge (T141R z T141K >> T141M z T141Q > Kir2.1 z T141E). Together, these data suggest that the presence of a charged mutation near the blocking site is key for affecting barium affinity.
Structural studies indicate that during normal channel operation site 4 binds potassium ions as they traverse the selectivity filter ). Reduction in the ion occupancy at site 4 has been shown to cause a significant loss (w8-fold) in single-channel conduction properties (Zhou and MacKinnon, 2004). Therefore, the electrostatic perturbations at site 4 that alter barium binding might also affect potassium permeation. We compared the single-channel conductances of T141K, T141R, T141M, and T141E to wild-type channels (Figures 4A and 4B). Remarkably, neither T141K nor T141R impact ion permeation significantly (γ = 22.4, 18.2, and 16.6 pS for Kir2.1, T141K, and T141R, respectively). Analysis of Kir2.1 and T141K single-channel conductance as a function of potassium concentration ( Figure  4C ) further underscores the similarity between T141K and wild-type permeation properties (K m = 104 ± 7, 78 ± 11, γ max = 48 ± 1, 36 ± 2 for Kir2.1 and T141K, respectively). Physiologically, outward currents through Kir2.1 channels are blocked by the binding of cytoplasmic polyamines and magnesium to the channel interior (Lu, 2004) . Because the electrostatic perturbation by T141K might affect outward movement of permeant ions, we examined T141K outward currents in excised macropatch experiments where the intracellular blockers were absent. In excised patches, T141K channels show linear responses to changes in membrane voltage. These results exclude the possibility that the T141K ζ-amino group acts as a tethered blocker that could affect outward current ( Figure 4D ). When 100 M spermidine was applied to the intracellular side of the patch, T141K outward currents were blocked in a similar manner to wild-type channels (data not shown). Taken together with the potassium permeation similarities of T141K and wild-type channels as a function of potassium concentration, the lack of an effect on outward current further excludes the possibilities that the potassium occupancy at site 4 is greatly reduced by the T141K change and that a significant barrier to potassium ion entry into site 4 has been introduced by the mutation. In contrast, a mutation at the adjacent conserved selectivity filter threonine (TTxGYG) in KcsA, T75C (equivalent residue to Kir2.1 T142), removes the sidechain oxygen atoms that are involved directly in site 4 ion coordination and causes a substantial reduction in single-channel conduction accompanied by reduced ion occupancy at site 4 (Zhou and MacKinnon, 2004). Finally, excised macropatch experiments using bi-ionic conditions ( Figure 4D) show that the T141K mutation causes no difference in permeant ion selectivity relative to wild-type channels (P Rb /P K = 0.53 ± 0.03 and 0.52 ± 0.09 for Kir2.1 and T141K, respectively). Collectively, our experiments strongly suggest that potassium ions are largely blind to electrostatic perturbations at the C-terminal end of the pore helix. (Lu, 2004) ; however, we found that the double mutants T141K/D172N and T141R/D172N were not (data not shown). Similarly, a mutation that changed sidechain length but preserved the charge D172E but not the isosteric neutral mutation D172Q was compatible with T141K and T141R ( Figures  S2A and S2B) . These results suggest that residues at 141 and 172 interact in a way that might be electrostatic and that interaction of the T141K and T141R positive charges with the helix dipoles alone offers insufficient stabilization. Kir2.1 residues 165, 169, 172, and 176 face the pore and tolerate a range of amino acid changes, including simultaneous substitution by aspartate (Minor et al., 1999) . To test whether electrostatic interactions underlie accommodation of the T141K and R changes, we generated triple mutants that moved the negative charge along the M2 helix toward or away from T141K and T141R (T141K/S165D/D172N, T141K/ C169D/D172N, T141K/D172N/I176D, T141R/S165D/ D172N, T141R/C169D/D172N, and T141R/D172N/I176D). Although functional on its own (Figure S2c ), S165D/ D172N was incompatible with the additional T141K and T141R mutations ( Figure 5A ). Inspection of KirBac1.1 models suggests that there is insufficient room to accommodate T141K/S165D and T141R/S165D due to steric clashes between the mutated residues. Triple mutants with the M2 negative charge moved to positions 169 or 176 were functional ( Figures 5B and 5D ) and demonstrate that the precise geometry of the interaction between the positive charge at 141 and the negative charge in the cavity is not critical. These results support the idea that the T141K and T141R positive charges reside within the channel's central cavity, where they are stabilized by electrostatics.
Acidic Residues within the Channel Cavity Support T141K and T141R Mutations
To examine whether the requirement of T141K and T141R substitutions for a negative charge in the cavity led to a situation that would be functionally equivalent to a neutral cavity, we examined the effects on barium affinity resulting from the single pore-lining mutation D172N. The data show that D172N causes a small change in barium affinity (w4-fold at −80 mV, Figure  5E ). This change is an order of magnitude smaller than those measured for the T141K and T141R substitutions the background of the wild-type D172. As a second control, we also examined the double mutant T141M/ D172N. This mutant incorporates the neutral cavity together with a neutral residue at T141 that is isosteric to K and R. This mutant has a change in barium affinity that is also less than that seen for T141K and T141R ( Figure 5E ). Together, these results demonstrate directly that the necessary interaction between K or R at 141 and negative residues in the central cavity is not equivalent to channels with a neutral cavity. These data lend further support to the idea that the changes we observed in barium affinity arose from electrostatic perturbations at the end of the pore helix near selectivity filter ion binding site 4.
Continuum Electrostatic Calculations
Why are the forces that perturb barium binding only weakly sensed by potassium? We used macroscopic continuum electrostatic calculations and the KirBac1.1 (Table S1 ).
Discussion
Ion channel proteins are essential membrane components for electrical signal generation and propagation in both excitable and nonexcitable cells (Hille, 2001) . A central property of all ion channels is their ability to facilitate ion passage across the cell membrane at rates near the diffusion limit Roux, 2001, 2003; Hille, 2001) . Of the many classes of ion channels, potassium channels constitute the best-studied subtype (Jan and Jan, 1997). These channels are remarkable devices that exhibit the properties of high ion throughput and high ion selectivity. While the basic architecture that gives rise to these properties is known (Doyle et al., 1998; Zhou et al., 2001) , fundamental questions remain about how ion permeation is energetically tuned.
Understanding and identifying ion channel-blocker interactions also remains a major challenge with implications for both basic research and the development of new channel-directed pharmaceuticals. Because of their transmembrane environment, ion channels have been largely refractory to high-throughput approaches that have worked so well to identify such agents for soluble proteins (Numann and Negulescu, 2001 ). Thus, many ion channels lack any significant pharmacological agents that could be used to control and probe their function. Our experiments underscore the utility of using genetic selection approaches as an unbiased way to identify channel blockers and to identify and study channel elements that are important for the energetics of ion channel-blocker interactions.
Potassium channel permeation has been described as a cycle in which pairs of ions move between isoenergetic selectivity filter binding sites (1,3 4 2,4) Regardless of the precise geometry of the pore helices, it should be noted that the cavity ion is less influenced by the pore helices than the site 4 ion ( Figure S3a ). It remains possible that Kir channels are less sensitive to pore helix effects than other types of potassium channels.
Our data suggest that the inner vestibule of the potassium channel selectivity filter withstands dramatic changes in local electrostatics without major compromise of function. Regardless of whether the positively charged barium-resistant mutants counteract the helix dipole or mask the partial charges at the C-terminal end of the helix, the data indicate that electrostatic perturbations near the internal side of the selectivity filter have minor effects on potassium throughput. Thus, despite the aesthetic appeal of prior models, any contribution to ion permeation from the pore helices must be small.
Experimental Procedures
Random Library Construction and Genetic Selections A Kir2.1 P-region library covering residues 128-143 was constructed using methods similar to those described previously (Minor et al., 1999). Site-directed mutagenesis was used to remove the PvuI site from residue 142 and reintroduce it at residue 155 by silent mutations that preserved the wild-type amino acid sequence. The coding DNA between BglII and PvuI was replaced by a noncoding "stuffer" sequence (Minor et al., 1999) to make a nonfunctional background for library construction.
A P-region cassette was synthesized by PCR of overlapping oligonucleotides (Biosynthesis, Houston, TX) in which the bases for amino acids 128-143 contained 91% of the wild-type base and 3% each of the other three bases, yielding an average of 3.8 codon changes per sequence. DNA sequencing of 76 unselected clones showed that library members contained 3.3 amino acid changes per sequence on average. Position T141 was changed to 12 different amino acids in this random pool, showing good sequence coverage.
Genetic selections using potassium transport-deficient yeast were done as previously described (Minor et al., 1999) . Immediately following replica-plating from high potassium (100 mM KCl) to low potassium (1 mM or 0.5 mM KCl) plates, 1 cm filter discs (Whatman, part number 1823010) soaked with 100 l of 100 mM or 10 mM BaCl 2 were applied, respectively. Yeast were grown at 30°C for 2-3 days. Barium-resistant clones were chosen from the colonies growing near the filter. Plasmid DNA was recovered, and the phenotype was verified by retransformation and rescreening.
Electrophysiology
Constructs for electrophysiology were subcloned into a pGEMHE derivative (Minor et al., 1999) ; RNA transcripts were made using the Ampliscribe kit (Epicentre Technology) and were injected into Xenopus oocytes as described (Alagem et 
Electrostatic Calculations
Electrostatic interactions were calculated using the macroscopic continuum model with the program Delphi (Rocchia et al., 2002) . Since the Kir2.1 structure is unknown, channel tetramers based on the X-ray crystal structures of KirBac1.1 (Kuo et al., 2003) and KcsA ) were used. Water molecules and Fabs were deleted from the structures. Calculations were also carried out using MthK structure, which is assumed to be in the open state. The side chains for the transmembrane domain of MthK, which are not resolved in the crystal structure, were built using the SWISS-MODEL program (Schwede et al., 2003) . To simulate the experimental effects of the various mutations, the corresponding residues were manually built into the structures. A 24 Å thick slab of low dielectric consisting of dummy carbon atoms surrounding the protein was added to simulate the effect of the hydrophobic lipid bilayer.
Calculations were carried out with dielectric constant of protein and lipid at both 2 and 4 while the dielectric constant for the aqueous solution was 80. Hydrogens in the standardized geometry were added using Reduce (Word et al., 1999) . Partial charges were assigned using the CHARMM parameters (Brooks et al., 1983) . Ionic radii were the corrected Born radii (Rashin and Honig, 1995) . In KirBac1.1, site 4 is not occupied. The location of this site was determined by superposing the selectivity filters of KirBac1.1 and KcsA. The reference energy state for the calculation is the proteinlipid complex without the cation at site 4, plus the cation dissolved in water.
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